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Edited by Maurice MontalAbstract We recently reported that a histidine (H191) in the
S3–S4 loop of domain I is critical for nickel inhibition of the
Cav3.2 T-type Ca
2+ channel. As in Cav3.2, two histidine residues
are commonly found in the IS3–IS4 loops of mammalian Cav2.3
Ca2+ channels, which are also blocked by low micromolar con-
centrations of nickel. We show here by site-directed mutagenesis
and electrophysiology that both residues contribute to the nickel
sensitivity of Cav2.3, with H183 being more critical than H179.
These ﬁndings strongly suggest that both H179 and H183 in the
IS3–IS4 loop are essential structural determinants required for
nickel sensitive inhibition of the Cav2.3.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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When Cav2.3 channels were cloned and reconstituted in
expression systems, the currents expressed were pharmacolog-
ically shown to be resistant to DHPs (L-type speciﬁc blocker),
x-conotoxin GVIA (N-type speciﬁc blocker), and x-agatoxin
IVA (P-type speciﬁc blocker), but very sensitive to nickel ions
[1–4]. SNX-482 isolated from the tarantula Hysterocrates gigas
was the ﬁrst blocker of Cav2.3 channel to be identiﬁed [5].
These channels are generally thought to carry most of the R-
type calcium current resistant to a cocktail of known HVA
Ca2+ channels blockers, although this view is not universally
held [5–10].
Native Cav2.3 channels have been reported in the axon ter-
minals of various neurons including the mossy ﬁber terminals
of the hippocampus, rat globus pallidus neurons, and the rat
medial nucleus of the trapezoid body synapse [11–13]. Physio-
logical functions mediated by R-type Ca2+ channels include
neurotransmitter release, induction of synaptic plasticity, and
generation of action potential bursts followed by after-depo-
larizations [12,14–17]. Cav2.3 channels expressed in pancreatic
b cells are reported to be coupled to insulin secretion. Glucose-*Corresponding author. Address. Department of Life Science, Sogang
University, Shinsu-dong 1, Mapo-Gu, Seoul 121-742, Republic of
Korea. Fax: +82 2 704 3601.
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doi:10.1016/j.febslet.2007.11.045stimulated insulin secretion consists of a rapid ﬁrst phase of
insulin secretion lasting for approximately 10 min, followed
by a less prominent second-phase lasting for several hours
[18]. Cav2.3-knockout (Cav2.3
/) mice were found to be im-
paired in glucose homeostasis and to be defective speciﬁcally
in the second phase of insulin secretion [19]. Cav2.3 channels
are regulated by multiple signal transduction pathways includ-
ing G proteins, protein kinases, and SNARE proteins [20–23].
For example, activation of muscarinic receptors (M1 and M3)
stimulates R-type Ca2+ currents in hippocampal CA1 neurons
that can lead to de novo activation of R-type dependent Ca2+
spikes plausibly via a Ca2+-independent protein kinase C [23].
Nickel has been generally described as a selective blocker of
R- and T-type Ca2+ channels over other VGCCs [7,24]. There-
fore, it has been used as a pharmacological tool to isolate
speciﬁc Ca2+ current subtypes, as well as in biophysical and
functional studies of R- or T-type Ca2+ channels [25]. Nickel
selectively inhibits cloned Cav2.3 channels, thus supporting
the notion that the R-type current enters through these chan-
nels [2–4]. Cav3.2 was found to be the only T-type calcium
channel isoform blocked by low micromolar concentrations
of nickel [26].
Recently, His-191 in the extracellular loop connecting S3
and S4 of domain I (IS3–IS4) was identiﬁed as a key structural
determinant of nickel and zinc inhibition of Cav3.2 channels
[27,28]. Comparison of the amino acid sequences of S3–S4
loop regions revealed two His residues conserved in these loops
in mammalian Cav2.3 channels. Therefore, in the present study
we tested whether these residues contribute to the nickel sensi-
tivity of human Cav2.3 channels. We report that point muta-
tions in each of these residues decreased the nickel sensitivity
of the channels.2. Materials and methods
2.1. Chemicals
Nickel chloride hexahydrate (NiCl2 Æ 6H2O) was purchased from
Sigma–Aldrich (St. Louis, MO). Prior to each experiment, a series of
nickel solutions were prepared by diluting the stock solution
(100 mM) with a 10 mM Ba2+ solution.
2.2. Site-directed mutagenesis
Single point mutations in the IS3–IS4 loop of the human Cav2.3 a1
subunit (GenBank accession number L27745) were made by the PCR
overlap extension method [29]. We used Pfu DNA polymerase (Strat-
agene, La Jolla, CA) for all PCR reactions and PCR products were
veriﬁed by sequencing. Error-free mutants were subcloned into the ori-
ginal human Cav2.3 subunit pAGA using restriction enzyme sites [3].
To construct H179A (single point mutation of His179 to Ala), forblished by Elsevier B.V. All rights reserved.
Fig. 1. Alignment of the IS3–IS4 loops of Cav2.3 and Cav3.2 channels.
The amino acid sequences of the IS3–IS4 loops of Cav2.3 channels are
aligned with that of the Cav3.2 channel. His residues are displayed in
bold letters and the putative transmembrane segments IS3 and IS4 are
marked with horizontal bars. The sequences of mouse, rat, and human
Cav2.3 are from L15453, NM_019294, and L27745, respectively
(GenBank accession numbers).
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0-pol-
ylinker-549) and 179AB (nucleotide number of Cav2.3 in parentheses;
527–782) were generated by the ﬁrst PCR and connected by the second
PCR. ClaI (5 0-polylinker)-XbaI (776, fragment obtained by second
PCR) and XbaI (776-Cav2.3)-XhoI (1273-Cav2.3) were inserted into
the plasmid Cav2.3 subunit coding region of pAGA, which was opened
with Cla I (5 0-polylinker) and XhoI (1273-Cav2.3). H183A and H179/
183A were constructed in a similar manner.
2.3. Isolation of Xenopus oocytes and expression of human Cav2.3 and its
mutant channels
Ovary lobes were surgically removed from female Xenopus laevis
(Nasco, Atkinson, WI) anesthetized with 0.1% 3-aminobenzoic acid
ethyl ester (Sigma–Aldrich). The lobes were torn into small clusters
in SOS solution (in mM): 100 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5
HEPES, 2.5 pyruvic acid, 50 lg/ml gentamicin, pH 7.6). To remove
the follicle membranes the oocytes were treated with collagenase
(lyophilized, 10 mg/ml, Gibco-BRL, Gaithersburg, MD) and trypsin
inhibitor (Type III-O, 1 mg/ml, Sigma–Aldrich) for about 30 minutes
in Ca2+-free OR2 solution (in mM: 82.5 NaCl, 2.5 KCl, 1 MgCl2, 5
HEPES, pH 7.6). Defolliculated oocytes were selected under a dissect-
ing microscope.
The cDNAs for the Cav2.3 and Cav2.3 mutants, b3, and a2d1 were
linearized at their 3 0 ends with HindIII, SacII, and NotI, respectively.
Capped cRNAs were synthesized in vitro from the linearized cDNAs
using T7 RNA polymerase according to the protocol supplied by
Ambion (mMESSAGE mMACHINE T7 kit, Austin, TX). The syn-
thesized cRNA was resuspended in DEPC-treated water and stored at
70 C. Each oocyte was injected with 50 nl of cRNA (1 ng for a1 sub-
unit, 0.5 ng for b3, and 0.5 ng for a2d1). Injection was performed using
a Nanoliter injector (Drummond Scientiﬁc Co., Parkway, PA) at-
tached to a micromanipulator (Narishige, Tokyo) under a dissecting
microscope. Oocytes were incubated at 18 C in SOS solution.
2.4. Electrophysiological recording and data analysis
Inward barium currents were measured using a two-microelectrode
voltage clamp ampliﬁer (OC-725C, Warner Instruments, Hamden,
CT) between 3 and 5 days after cRNA injection. Before recording, oo-
cytes were injected with 50 nl of 50 mM BAPTA (1,2-bis(o-aminophen-
oxy)ethane-N,N,N 0,N 0-tetraacetic acid, Sigma–Aldrich) to inhibit
calcium activated chloride currents. Microelectrodes were pulled from
capillaries (Warner Instruments, Hamden, CT) and the resistance of
electrodes was 0.5–1.0 MX. After the oocytes were pricked with a
microelectrode ﬁlled with 3 M KCl in SOS solution, the bathing solu-
tion was exchanged for Ba2+ solution (in mM: 10 Ba(OH)2, 90 NaOH,
1 KOH, 5 HEPES, pH 7.4 with methanesulfonic acid). Currents were
acquired at 5 kHz, and low pass ﬁltered at 1 kHz using the pClamp
system (Digidata 1320A and pClamp 8; Axon Instruments, Foster
City, CA). Peak currents were analyzed with Clampﬁt software (Axon
Instruments), and graphical representations of the data were obtained
with Prism software (GraphPad, San Diego, CA). Dose–response
curves were ﬁtted to the Hill equation B = (1 + IC50/[Ni
2+]n)1, where
B is the normalized inhibition, IC50 is the concentration of Ni
2+ giving
half-maximal inhibition, and n is the Hill coeﬃcient. Data are
presented as means ± S.E.M. and were tested for signiﬁcance using
Student’s unpaired t-test and one-way analysis of variance (ANOVA).3. Results
We recently reported that His-191 in the extracellular loop
connecting the S3 and S4 transmembrane segments of domain
I is essential for nickel inhibition of the Cav3.2 T-type channel
[27]. Comparison of S3–S4 loop sequences revealed two con-
served His residues in the IS3–IS4 loops of the mouse, rat,
and human Cav2.3 a1 subunit isoforms (Fig. 1), which are
more sensitive to low concentrations of nickel than other high
voltage-activated Ca2+ channels [2–4]. The shared presence of
His residue(s) in Cav3.2 and Cav2.3 Ca
2+ channel isoforms sug-
gested that the His residue(s) in the IS3–IS4 loops of Cav2.3
channels might also be critical for their nickel sensitivity. Totest this, we constructed the mutant human Cav2.3 channels,
H179A, H183A, and H179/183A, and assayed their nickel sen-
sitivity.
We ﬁrst examined nickel inhibition of wild-type Cav2.3
channels, expressed in Xenopus oocytes coinjected with auxil-
iary subunits, b3 and a2d1 cRNAs. The Cav2.3 channel cur-
rents were recorded by two-electrode voltage clamp, and
were easily detectible as robust inward currents in a 10 mM
Ba2+ solution from 3 days after cRNA injection. Cav2.3 chan-
nel peak currents were elicited by a test pulse to 0 mV from a
holding potential of 90 mV every 15 s. Cumulative applica-
tion of nickel solutions inhibited Cav2.3 current amplitude in
a dose-dependent manner, and the inhibited currents could
be eﬀectively recovered by washing (Fig. 2A). Representative
current traces before and after application of nickel are shown
in the inset of Fig. 2A. Peak current amplitudes in the presence
of nickel were normalized to the peak current amplitude prior
to nickel application and then ﬁtted to the Hill equation. Aver-
age IC50 and Hill coeﬃcient values for nickel inhibition of the
Cav2.3 channel currents were 14.2 ± 3.6 lM and 0.80 ± 0.05
(n = 9, Fig. 2B). These data are consistent with previous re-
ports that Cav2.3 channels are very sensitive to nickel [2–4].
The nickel inhibition proﬁles of the mutant channels
(H179A, H183A, and H179/183A) were assayed to test
whether His-179 and/or His-183 contributed to the nickel sen-
sitivity of Cav2.3. H179A currents were sensitively inhibited by
low doses of nickel. The average IC50 value was 23.6 ± 3.4 lM
(n = 8), which was not signiﬁcantly diﬀerent from that of wild-
type Cav2.3 (P > 0.05, one-way ANOVA; Fig. 2C and D). In
contrast, H183A currents required much higher concentrations
of nickel to be inhibited. The IC50 was 157.6 ± 9.0 lM (n = 12),
indicating that H183A is signiﬁcantly less sensitive than wild-
type Cav2.3 (P < 0.001, one-way ANOVA; Fig. 2E and F).
To test whether both of the His residues interact with the nick-
el ion, we examined the nickel inhibition proﬁle of H179/183A.
The currents of this double mutant (IC50 value = 264.3 ±
31.2 lM, n = 9) were signiﬁcantly less sensitive than those of
the H183A mutant (P < 0.001, one-way ANOVA; Fig. 2G
and H). This ﬁnding suggests that both His residues contribute
to the nickel sensitivity of Cav2.3.
We also tested whether other biophysical properties of
Cav2.3 and its mutant channels were changed by nickel, by
comparing current–voltage (I–V) relationships, activation
curves, and steady-state inactivation curves (h1) before and
after application of a nickel solution (15 lM) that caused
about a 50% reduction in peak current amplitude. Analysis
of the I–V relationships showed that nickel positively shifted
not only the I–V curve (Fig. 3A), but also the half-activation
potential (V50act = 6.3 ± 0.6 vs 0.6 ± 1.0 mV) (Fig. 3B). These
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Fig. 2. Dose-dependent inhibition of Cav2.3 and mutant currents by nickel. Recombinant Cav2.3 was coexpressed with auxiliary subunits, b3 and
a2d1, in Xenopus oocytes and their currents were measured in a solution containing 10 mM barium solution as charge carrier. The oocytes were
injected with 50 nl of 50 mM BAPTA to inhibit calcium activated chloride channels before currents were measured. The Cav2.3 current was evoked
by a test potential of 0 mV from a holding potential of 90 mV every 15 s. (A) the eﬀects of nickel solutions on human Cav2.3 channels. Currents
were normalized to the control current amplitude in the absence of nickel, and plotted against nickel concentrations. Inset, representative currents
before and after application of nickel. (B) Dose–response curves for nickel inhibition. The smooth curves were obtained by ﬁtting the average data to
the Hill equation. (C), (E) and (G), time course of nickel inhibition of H179A, H183A and H179/183A, respectively. Representative current traces
after application of nickel are shown in the insets. (D), (F) and (H), dose–response curves obtained by ﬁtting average data to the Hill equation.
5776 H.-W. Kang et al. / FEBS Letters 581 (2007) 5774–5780results are consistent with the fact that peak current amplitude
was reduced by 67% at a 20 mV test potential, but by only
43% at a +30 mV test potential (Fig. 3A). The depolarizing
shift of the I–V relationships was more pronounced at a higher
dose of nickel (100 lM; V50act = 6.3 ± 0.6 vs 7.2 ± 0.5 mV;Fig. 3B). These results are similar to ﬁndings of Zamponi
et al., who reported that nickel caused both a depolarizing shift
in the activation curve of the rat Cav2.3 channel and a reduc-
tion of current amplitude [4]. In addition, comparison of the
steady-state inactivation curves before and after serial applica-
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H.-W. Kang et al. / FEBS Letters 581 (2007) 5774–5780 5777tion of 15 and 100 lM nickel solutions also showed that
nickel positively shifted steady-state inactivation in a concen-
tration dependent manner (V50inact values of wild-type Cav2.3
at 0, 15, and 100 lM nickel = 57.9 ± 1.1, 42.7 ± 2.8, and
34.0 ± 0.7 mV, respectively) (Fig. 3B).To test whether nickel had similar eﬀects on the mutant
channels, we examined their I–V relationships, activation
curves, and steady-state inactivation curves before and after
application of nickel solution(s) that inhibit about 50% of
the peak current amplitude. Analysis of activation curves
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5778 H.-W. Kang et al. / FEBS Letters 581 (2007) 5774–5780revealed that nickel (20 lM) shifted the V50act values of H179A
from 7.1 ± 1.4 to 2.0 ± 1.2 mV, and those of H183A from
6.0 ± 0.6 to 0.5 ± 0.6 mV (Fig. 3D and F). Examination
of these data shows that the rightward shifts of the single
His mutants are not signiﬁcantly diﬀerent from that of wild-
type Cav2.3 (Table 1). On the contrary, application of 15 lM
nickel, which inhibits about 50% of wild-type Cav2.3 current
amplitude, had little eﬀect on H179/183A currents, and did
not cause any shift of its activation curve. A much higher con-
centration of nickel (300 lM), which inhibits about 50% of
H179/183A current amplitude, shifted the activation curve of
the double mutant by 2.7 mV (6.4 ± 0.8 vs 3.7 ± 0.6 mV),
which is signiﬁcantly less than the shift of wild-type Cav2.3
(P < 0.001, n = 6; Fig. 3H). These results imply that nickel
interaction with the His residues in the IS3–IS4 are likely to
contribute to the rightward shift of Cav2.3 gating by nickel.
Analysis of steady-state inactivation curves showed that
nickel also shifted the h1 curves. The V50inact values of H179
mutant were shifted from 59.5 ± 0.9 to 44.5 ± 0.8 mV,
those of H183A mutant channel were shifted from
59.1 ± 1.5 to 46.0 ± 0.9 mV, and those of the double mu-
tant were shifted from 59.1 ± 0.4 to 51.8 ± 0.8 mV
(Fig. 3D, F and H). These data indicate that the inactivation
curves of the single mutants (H183A) were shifted to the right
by about 13 mV, which is not signiﬁcantly diﬀerent from that
of the wild-type Cav2.3 channel (Table 1). In contrast, applica-
tion of 300 lM nickel, that inhibits about 50% of H179/183A
current amplitude, shifted the V50inact value of H179/183A mu-
tant by only +7.3 mV, which is signiﬁcantly less than wild-type
Cav2.3 and His single mutants (P < 0.001, n = 6; Fig. 3H).
These data are summarized in Table 1.4. Discussion
This study identiﬁes critical histidine residues that contribute
to the high aﬃnity nickel binding site on Cav2.3. Notably,
these histidines are located in the same IS3–IS4 loop as the
H191 in Cav3.2, which we have previously shown to contribute
to high aﬃnity nickel, zinc, and copper binding [27,28,30]. Spe-
ciﬁcally, we show that mutation of both His residues in the
IS3–IS4 loop caused about a 20-fold decrease in nickel sensi-
tivity. Nevertheless, the double mutant can still be inhibited
by higher concentrations of nickel, suggesting that there are
additional nickel binding site(s) that can block the channel.
One possibility is that nickel may occupy a certain position
in the permeation path of Cav2.3, thereby possibly directly
inhibiting ion permeation through the channel. Another possi-
bility is that nickel may interact with unidentiﬁed motif(s) out-
side the permeation route, decreasing Cav2.3 channel activity.
The latter hypothesis is supported by numerous reports. For
example, Zamponi and colleagues previously reported that
the eﬀects of nickel on rat Cav2.3 channels can be modulated
by coexpression of auxiliary beta subunits [4]. In addition, a
putative EF-hand motif outside of the EEEE selectivity ﬁlter
is reported to be involved in the zinc block sensitivity of
Cav2.2 N-type channel [31].
In contrast to mammalian Cav2.3 channels, only one His res-
idue is found in the IS3–IS4 loop of Doe-1 (marine ray Cav2.3
channel), which was reported to be sensitively inhibited by
nickel [32]. Sequence comparison indicates that the equivalent
of H179 is conserved in Doe-1, but that of H183, and 4 other
H.-W. Kang et al. / FEBS Letters 581 (2007) 5774–5780 5779amino acids (out of 8) are not. Since a single amino acid is not
likely to form nickel binding site with micromolar aﬃnity, we
postulate that there are other amino acids involved in the bind-
ing of nickel to Doe-1.
The ability of nickel to inhibit human Cav2.3 currents was
found to be tightly coupled its ability to shift the activation
curve. In contrast, our previous study of nickel inhibition of
the Cav3.2 T-type channel was revealed little eﬀect on the
apparent voltage dependence of activation [26,27]. One of
the possible interpretations for this diﬀerence between human
Cav2.3 and Cav3.2 channels is that nickel interaction with
His residue(s) in the IS3–IS4 loops may not be suﬃcient to
shift channel activation and/or inactivation curves. If this pos-
tulate is correct, replacement of individual S3–S4 loops in
domain II, III, and IV of those channels with the IS3–IS4 loop
might increase nickel eﬀects including inhibition sensitivity and
gating shifting.
Similar cases have been noted in other voltage-gated ion
channels. For example, a-scorpion and sea anemone toxins
bind to the S3–S4 extracellular loop of domain IV of the
Nav1.2 channel and slow fast inactivation as well as reducing
current amplitude [33]. In addition, hanatoxin isolated from
the venom of Grammostola spatulata speciﬁcally inhibits
Kv2.1 channel activity and positively shifts the gating of the
channel. The main binding site of this toxin has also been
shown to be in the S3–S4 loop of that channel [34]. It is
thought that binding of the toxin near the voltage sensor
changes the conformation of the K+ channel, and aﬀects the
movement of the voltage sensor [35]. In the light of these prece-
dents we speculate that nickel ions interact with the His resi-
dues in the IS3–IS4 loop of the Cav2.3 channel and with
other unidentiﬁed residues on the IS4 voltage sensor, thereby
switching the channel conformation to a closed state that
resists opening. As a result a stronger potential is required to
move the voltage sensing domain. This view seems to be con-
sistent with the positive shifting of the current–voltage rela-
tionship and activation curve observed in our study.
However, it remains to be further investigated how nickel
interaction with His residues can cause reduction of Cav2.3
channel activity. For example, comparison of gating currents
of Cav2.3 before and after nickel application may unveil the
underlying mechanism for nickel sensitive inhibition of the
channel.
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